The formalism of the optical model is brie y reviewed, together with the ways it can be used to analyse experimental data. The usefulness and limitations of global potentials is assessed. The justication for using optical potentials to give distorted waves for nuclear reaction calculations is examined and some remaining problems discussed. The nal section is devoted to the application of optical model potentials to calculate reaction cross-sections at energies up to 200 MeV.
Introduction
During the last forty y ears the nuclear optical model has been extensively applied to analyse the elastic scattering of pions, nucleons and heavier particles by n uclei over a wide range of energies 1 . It has been extended to include inelastic scattering by the coupled-channels formalism 2 and consideration of dispersion e ects enables both bound and scattering states to be described by the same mean eld 3 .
The interaction of a nucleon with a nucleus is inherently complicated, and the optical model represents it by a phenomenological potential of very simple form, with parameters that are adjusted to t the experimental data. This potential has an imaginary part that takes into account the absorption of the reaction ux from the elastic channel to the non-elastic reaction channels. This is analogous to the scattering and absorption of light b y a medium of complex refractive index, which i s w h y it is called the optical model.
Elastic scattering cross-sections are a ected by the excited states of the compound system and by the residual states in the non-elastic channels. This causes the cross-section to uctuate, and the uctuations may be seen and analysed when measurements of high precision are made on light n uclei. Usually the experimental resolution of the detector is su cient t o a v erage over these uctuations, but it must be emphasised that the optical model applies only to energy-averaged cross-sections.
The optical model is sometimes criticised for its many parameters: with so many you could t anything! However the exibility of the model is limited, and the form and the magnitude of the real part of the potential, and to a lesser extent the imaginary part, can be estimated quite well from simple physical considerations. Furthermore, the strength of its physical basis is con rmed by its ability t o t with very similar parameters the scattering from many nuclei over a large energy range including the bound states of the simple shell model. To a c hieve this, the depths of the potential vary smoothly with energy, and this can be attributed in the case of the real part of the potential to its non-local nature.
Optical potentials obtained by analysis of elastic scattering are widely used to generate the distorted waves used to analyse the cross-sections of many reactions, and these analyses have proved to be a powerful tool in determining nuclear structures.
In this review, the forms of the optical potential are described in Section 2, and the methods of optical model analysis in Section 3. In spite of its many successes, the optical model is still being developed and there remain some problems to study. Among these are the validity of the distorted waves generated by optical potentials and the usefulness of reaction cross-sections, and this is discussed in Section 4. The concluding Section 5 is devoted to reactions up to 200 MeV.
Optical Model Potentials
Over the years optical model potentials have become increasingly sophisticated to enable them to account for more accurate and extensive experimental data.
The early potentials had the form V = U + iWfr where R and a are the radius and surface di useness parameters. This is the four-parameter optical potential. When inserted into the quantum mechanical formalism it gives the di erential cross-section for elastic scattering and reaction absorption cross-sections for charged particles, and for neutral particles the total elastic cross-section and the total cross-section as well. Analyses of more accurate data showed that a better t could be obtained by allowing the form factor parameters to di er for the real and imaginary potentials; this gives the six-parameter potential.
At l o w energies the interaction takes place predominantly in the surface region of the nucleus, so some analyses use a surface-peaked form factor for the imaginary part of the potential having the form gr = , 4 where the factor ,4a is introduced so that gR = 1. The imaginary potentials with fr and gr are referred to as volume and surface absorption respectively. It is possible to include both surface and volume absorption terms and this is necessary for the dispersion relation analyses described below. Since the cross-sections are rather insensitive to the form of the potential, very accurate data are necessary for these analyses. In some early analyses a Gaussian form was used for gr.
The addition of a spin-orbit term enables the polarisation of the scattered particle to be calculated. The square of the pion Compton wavelength is a relic of the derivation of this term from the meson theory of nuclear forces, and its numerical value is close to 2 fm 2 . The form factor f s r has the Saxon-Woods form 2.2 and usually a rather smaller value of the radius parameter. There is very little evidence favouring the inclusion of the imaginary spin-orbit potential, so it is usually omitted. This gives the nine-parameter optical potential. Since the optical potential represents all the nucleon-nucleon interactions between the incident particle and the target nucleus it is possible to estimate nucleon optical potentials by summing the nucleon-nucleon interactions over the nuclear density distribution r, giving where vjr , r 0 j is the e ective i n teraction between the incident n ucleon and a nucleon in the nucleus.
This e ective i n teraction can be represented by a Gaussian or a Yukawa form, with adjustable range and strength. This folded potential is useful only for the real part of the potential, so when it is used it is supplemented by a phenomenological imaginary part as before. Folded potentials are more frequently used for alpha-particle and heavy ion scattering, since they often give a better representation of the surface part of the potential than the phenomenological forms 2.1 to 2.4. An additional re nement i s the inclusion of a density-dependent term in the expression for the e ective i n teraction. Double folded potentials can similarly be obtained for composite projectiles.
These optical potentials treat explicitly only the elastic scattering channel, and all other non-elastic channels are taken into account in a global way b y the imaginary potential that represents the total ux removed from the elastic channel by all other reactions. This is referred to as the simple optical model SOM.
It is also possible to treat explicitly one or more inelastic scattering channels by the coupledchannels formalism 2 . This consists of a set of coupled equations that can be solved to give both the elastic and the inelastic scattering in as many c hannels as required. In addition to the optical potential, such calculations also require a model of the nuclear excitation, so that the coupling terms can be evaluated. A coupled-channels analysis is made when there is strong coupling between the elastic channel and the inelastic channels that lead to the excitation of low-lying collective states. Since the computing time increases approximately as the cube of P J 2J + 1, where J is the total angular momentum of the target states, it is practicable to couple only a small number of channels. The inelastic scattering with excitation of the higher states can be found using the distorted wave Born approximation.
The optical potential can be regarded as the positive energy part of the mean eld that is experienced by a nucleon in the region of a n ucleus. The negative part is the potential of the simple shell model that gives the allowed bound states and hence the magic numbers. Examination of this mean eld over the whole energy range shows that it is essentially continuous as a function of energy. The real part decreases monotonically with increasing energy, and the imaginary part has a parabolic variation around the Fermi surface energy. For negative energies, the imaginary potential is connected to the fragmentation width of the bound states.
In the region of the Fermi surface the real potential depth deviates from the regular behaviour due to dispersion e ects. The real and imaginary pats of the potential are connected by the dispersion relations that follow from the requirement of causality namely that the scattering wave i s not emitted before the incident wave arrives 4 . Thus, since the optical potential V K;E is a complex analytic These dispersion relations further unify the optical potential by relating the real and imaginary parts, but there is the practical di culty that the potentials are required over the whole energy range from minus to plus in nity. Several methods have been developed to overcome this di culty. Using the symmetric behaviour of the imaginary potential about the Fermi surface gives UE ;r = U HF E ;r + 2
where E F is the Fermi energy. This integral has satisfactory convergence. The Hartree-Fock potential U HF E ;r has a volume form and falls smoothly and almost linearly with increasing energy. The imaginary potential WE 0 ; r has both volume and surface parts; the volume part is absorbed into the Hartree-Fock term, while the surface part modulates the potential around the Fermi energy. To illustrate this, the energy variations of the volume W V and surface W D imaginary potentials for neutrons on 40 Ca, together with the corresponding dispersive additions to the real potential, are shown in Fig.1 5 . The energy dependence of the volume integrals of the real potential for neutrons and protons on 208 Pb are shown in Fig.2 6 . It is apparent that the modulation due to the dispersion e ect is appreciable only at low energies. It is, however, essential to include it in this energy region, as shown in Fig.3 
Optical Model Analyses
In order to use the optical model to calculate the di erential cross-section for elastic scattering, and if necessary also the polarisation, it is necessary to specify the potentials numerically. In the case of nucleon scattering, approximate values of the parameters of the potential can be obtained from elementary physical considerations. The depth of the real potential is similar to that of the simple shell model, which is known from studies of bound single-particle states to be about 50 MeV. The splitting of these states gives 4 MeV for the spin-orbit potential. The depth of the imaginary part of the potential can be estimated semi-classically from the total absorption cross-section to be about 8 MeV. The form factor parameters can be obtained from the folding model potential 2.5. Since the e ective n ucleon-nucleon interaction is short range, it can be approximated by a delta function, and then 2.5 becomes V r r:
3:1
The nuclear density r can be represented quite well by the Saxon-Woods form 2.2, with R = 1 : 25A 1=3 and a = 0 : 6fm.
To analyse a set of experimental data, which is usually a di erential elastic scattering cross-section and possibly also polarisations, a reaction cross-section and for neutrons a total cross-section, these quantities are calculated from a potential with initial parameter values such as the above, and then compared with the data. An automatic search routine then varies the parameters systematically until the optimum t is obtained. Many analyses have been made in this way, and the resulting potentials are available in the literature or in tabular form 8 , so quite accurate starting values can be readily obtained.
One of the great strengths of the optical model is that it is possible to t the elastic scattering by many n uclei over a range of energies with very similar parameters. This makes it possible to obtain global potentials that are very useful in reaction analysis, since we often require distorted waves for energies and target nuclei for which no elastic scattering measurements are available.
To obtain a global potential it is usual to analyse many sets of elastic scattering data, using form factor parameter xed to average values determined from preliminary analyses where they were allowed to vary. The resulting potential depths usually have a smooth variation with energy and from nucleus to nucleus, and these can be parameterised. The dependence on nuclear asymmetry can be included for nucleons. Since global potentials are seldom required at low energies it is usually not necessary to include dispersion e ects, but these can be included if desired.
Many global parameter sets have been obtained in this way, and in order to select the best it is very useful to make comparisons with a wide range of data, as has been done for neutrons by Y oung 9 .
Global potentials take no account of the very di erent structures of particular nuclei, and so we cannot expect them to t the data perfectly; indeed it is rather surprising that they usually t as well as they do. It is always possible to improve the t substantially to any particular set of data by v arying the parameters, and such potentials may be better than global ones in reaction analyses. There are however serious problems with such analyses due to ambiguities that are discussed in section 4.
The optical potential is applicable when the cross-sections are energy-averaged to remove the uctuations due to individual states in the compound system. It therefore cannot be applied at low energies. At high energies relativistic e ects must be included. Global optical potentials thus apply over a limited energy range.
There are quite satisfactory global potentials for neutrons 9 and protons 10 , and some for deuterons 11 . Despite sustained e orts there are none for helions and alpha-particles. This may b e d u e to the greater sensitivity of the scattering to nuclear structure, particularly in the surface region.
An essential preliminary to any optical model analysis is to verify that the computer program is correct. This may be done by comparing some trial calculations with the results published in program intercomparisons 12 .
The Use of Optical Model Potentials in Reaction Analyses
Most quantum-mechanical analyses of nuclear reaction data use distorted waves generated by optical potentials tted to the appropriate elastic scattering data or obtained from a global parametrisation. It is however possible to nd many optical potentials that t the elastic scattering data equally well, and these frequently give substantially di erent distorted waves and hence di erent nuclear reaction cross-sections. This is a serious problem that deserves more attention than it has so far received.
The source of the di culty is that the optical potential describes with rather few parameters the elastic scattering data that is exactly speci ed by a much larger number of S-matrix elements. It is adjusted to give the best overall t to elastic scattering, but it may not be the best for reaction analyses. It may w ell be that the elastic scattering is more sensitive to one set of matrix elements and the reaction to another set. One way t o o v ercome this di culty is to require the optical potential to t selected reaction data as well as elastic scattering data. Another possibility is to extract the S-matrix elements from the experimental data using inversion techniques, but these are not without their di culties. As an example, Fig. 4 shows two quite di erent potentials obtained by optical model analysis and by i n v ersion that both give excellent ts to the elastic scattering of 334 MeV tritons by 14 C and 72 MeV, 3 He by 14 C.
Another di culty concerning the distorted waves is that the optical model is determined by tting the asymptotic values of the partial waves whereas the cross-section of a reaction depends on the wavefunction throughout the nucleus. In addition the e ect of the non-locality o f t h e potential should be considered.
Since the reaction cross-sections are the sum of the cross-sections in all the reaction channels, they may provide useful additional information. Many measurements of reaction cross-sections have been made, and the results usually agree reasonably well with those calculated from optical potentials tted to the elastic scattering cross-sections. Reaction cross-sections are however rather di cult to measure, and until recently the values obtained were not accurate enough to restrict the choice of optical potential.
Recent work has however given more accurate values that may enable this to be done. Thus Auce et al 13 have measured the cross-sections of the scattering of 75 190 MeV alpha-particles by nuclei from 12 C t o 208 Pb. The experimental reaction cross-sections were found to be 10 20 less than those calculated from optical potentials tted to the elastic scattering cross-sections. This also could be attributed to di erent sensitivities to di erent sets of S-matrix elements. However there is apparently some di culty with these measurements that has yet to be resolved.
Very recently, some accurate measurements by Y amaya et al 14 of the forward glory scattering of 12 C, 13 C, 15 N and 16 O by 28 Si at energies about twice the Coulomb barrier have been analysed to give v alues of the reaction cross-section that are more accurate than those obtained from optical model analyses, but consistent with them.
An ingenious method to extract reaction cross-sections from elastic scattering data has been proposed by Masaki and Aoki 15 , but this has not yet been su ciently tested.
It may w ell be that the only way to obtain potentials free from these ambiguities is to calculate them from the nucleon-nucleon potential. As an example of such a calculation, Karantaghitic et al 16 have used the Paris potential to calculate the G-matrix elements and hence, using the local density approximation, the di erential cross-sections and analysing powers. These calculations, however, are inherently complicated, and the potentials obtained are very non-local. It is thus not possible to relate them to the corresponding optical potentials.
Reactions at energies up to 200 MeV
The optical model can be used up to about 200 MeV without appreciable di culties due to relativistic e ects. There is some evidence that the form factors used at lower energies are no longer adequate, and there are few global potentials that extend to such high energies. In many nuclear reactions there are many reaction channels and multistep processes contribute strongly to the measured cross-sections. As an illustration of this complexity, Fig.5 shows the angleintegrated cross-section for the inelastic scattering of 14 MeV neutrons by 93 Nb. At the higher outgoing energies, corresponding to the lower excitation energies, there are resolved peaks corresponding to the lowlying collective states; these cross-sections may also be calculated using the coupled-channels formalism. At the lower outgoing energies there are contributions from the higher multipole resonances, including the octupole resonance, and from the multistep compound 18 and multistep direct 19 reactions. Finally at the lowest outgoing energies there are the compound nucleus reactions. It used to be thought that reactions could take place by just two processes, direct and compound nucleus, and that the experimental data could be reproduced by e v aluating these separately and then adding them incoherently. In some cases this is quite a good approximation, but in others it is seriously inadequate. I thank my colleagues who have kindly permitted me to quote their work.
